Abstract Atom transfer radical polymerizations (ATRP) of styrene (St) and methyl methacrylate (MMA) mediated by [RuCl 2 (PPh 3 ) 2 (amine)] complexes, with amine = pyrrolidine (1), piperidine (2), or perhydroazepine (3), were investigated as a function of time, temperature, and concentrations of monomers and 2-bromoisobutyrate as initiator. The plots of ln([M] 0 /[M]) vs. time and molecular weights vs. monomer conversion were linear and the dispersity indexes decreased with increasing monomer conversions. The complexes 1, 2, and 3 were able to mediate the polymerizations with acceptable rate and level of control. Differences in the rate and control of polymerization were observed in the order 3 > 2 > 1 for both monomers. The activities were discussed considering the steric hindrance and electronic characteristics of the amines as ancillary ligands in the metal centres, considering studies by cyclic voltammetry and NMR.
Introduction
Transition metal catalyzed controlled/living radical polymerizations of the organometallic-mediated radical and atomtransfer radical (ATRP) types [1] [2] [3] [4] [5] are among the most rapid-developing themes in synthetic chemistry, as they provide polymers with predefined functionalities, compositions, and architectures [6] [7] [8] .
The ATRP mechanism is based on a metal-mediated activation-deactivation equilibrium of propagating radical chains involving the metal species in two oxidation states [7, 9, 10] . The ATRP rate and the control of molecular dispersity depend on the metal redox equilibrium pair. This parameter is strongly influenced by the structure and properties of the starting complex to generate the active metal species, which cannot undergo decomposition when changing the oxidation state. The rational design of each ligand-metal interaction in the starting complex, using established structure-activity relationships, provides a promising strategy to develop superior catalytic systems to improve the ATRP process. Subtle variations in the ligand structure are very important for providing an adjustable redox potential, which reflects in the electronic parameter, and a steric environment in metal complexes. Within this reasoning, ruthenium(II) complexes are promising candidates for the development of active, robust and versatile ATRP catalysts. This is supported by a number of Ru(II)-ligand arrangements from a wide range of designs with electronic and steric parameters, in addition to their high tolerance to the functional group, which allows reactivity in the presence of oxo-organic groups and in polar protic media [11] . This allows tuning of the catalyst for use with a wide array of olefin-based monomers. Ruthenium complexes in low oxidation states, for instance two (4d 6 ) and three (4d 5 ), are low spin and usually used in homogeneous catalysis because the complex lability depends on the thermodynamic influence and kinetic effect of Electronic supplementary material The online version of this article (https://doi.org/10.1007/s10965-017-1354-9) contains supplementary material, which is available to authorized users. [14] [15] [16] , which can interfere in reaction occurrence. Most of the ruthenium-based ATRP catalyst systems for the polymerization of styrene and various acrylates incorporate phosphines [17] [18] [19] [20] , a combination of cyclopentadienyl or arene with phosphine ligands [21] [22] [23] [24] , Fischer or N-heterocyclic carbenes [19, [25] [26] [27] [28] [29] [30] , Schiff base ligands [31] [32] [33] [34] , bimetallic [35, 36] , and amidinate [37] . Few studies have discussed basic amines as additives to improve ATRP [18, 38] . Our research group has successfully developed {Ru(II)-PPh 3 }-based complexes of the [RuCl 2 (PPh 3 ) 2 (amine)] type, with σ-donor cyclic amine ligand in the coordination sphere, which are highly active catalysts for ring-opening metathesis polymerization (ROMP) reactions [39] [40] [41] [42] [43] [44] . Recently, the catalytic activity of the [RuCl 2 (PPh 3 ) 2 (azocane)] complex as a catalyst for ATRP and ROMP reactions was evaluated [45] . On the one hand, the PPh 3 molecule increases the Ru(II) oxidation potential, which prevents reactions with O 2 molecules providing air open handling; on the other hand, the amines supply electrons to forward the reactivity of the active species. Both phosphine and amine adjust the steric hindrance on the coordination sphere, with no large steric hindrance demands. The strategy has proven to be very successful in ROMP with the combination of a strong binding amine ligand and a rather labile phosphine ligand. In ROMP, two free positions in the active species are needed for the reaction can occur. In the case of ATRP, the starting complex can operate without losing a phosphine, where only one open position in the active species is needed. Thus these well-defined amine-based Ru complexes can be applied in ATRP, considering that electronic and steric effects are of fundamental importance for a successful metal-mediate controlled radial reaction. Exploring the Ru(II)/Ru(III) pair in the presence of a coordinated amine as σ-donor ligands to balance the electronic density in the metal centre and the steric hindrance can be a trump card for developing sophisticated new catalysts for ATRP, as well as towards ROMP-ATRP dual process [46] .
In this study, we evaluated the application of [RuCl 2 (PPh 3 ) 2 (amine)] complexes ( Fig. 1) , with amine = pyrrolidine (1), piperidine (2), or perhydroazepine (3), as versatile catalyst precursors for ATRP of styrene (St) and methyl methacrylate (MMA) under different conditions of temperature, reaction time, and concentrations of monomers and 2-bromoisobutyrate as initiator. The goal was to observe the ring size influence on catalyst reactivity, discussing the σ-donor nature and steric hindrance of the amines, obtaining resources to understand the factors that influence ATRP efficiency.
Experimental General remarks
All reactions and manipulations were performed under an argon atmosphere by using conventional Schlenk-tube techniques. Styrene [15, 16, ] .
Analyses
Elemental analyses were performed with a Perkin-Elmer CHN 2400 at the Elemental Analysis Laboratory of Institute of Chemistry -USP. ESR measurements from solid sample were conducted at 77 K using a Bruker ESR 300C apparatus (Xband) equipped with a TE102 cavity and an HP 52152A frequency counter. The FTIR spectra in CsI pellets were obtained on a Bomem FTIR MB 102. Electronic spectra were recorded on a Varian model Cary 500 NIR spectrophotometer, using 1.0 cm path length quartz cells. The . Electrochemical measurements were performed using an Autolab PGSTAT204 potentiostat with a stationary platinum disk and a wire as working and auxiliary electrodes, respectively. The reference electrode was Ag/AgCl. The measurements were performed at 25°C ± 0.1 in CH 2 Cl 2 with 0.1 mol L 
Polymerization procedures
In a typical ATRP experiment, 12.3 μmol of complex was placed in a Schlenk tube containing a magnet bar and capped by a rubber septum. Air was expelled by three vacuumnitrogen cycles and monomer (St or MMA) and the initiator solution (EBiB) were added. All liquids were handled with dried syringes under nitrogen. The tube was capped under N 2 atmosphere using Schlenk techniques, then the reaction mixture was immediately immersed in an oil bath previously heated to the desired temperature. The samples were removed from the tube after certain time intervals using degassed syringes. The polymerization was stopped when the reaction mixture became very viscous. The reported conversions are average values from catalytic runs performed at least three times.
Results and discussion

Studies for ATRP of St
Catalytic activities of the starting Ru complexes 1, 2, and 3 were investigated in the presence of EBiB as initiator. The reactions were performed in toluene as a function of temperature, monomer/EBiB/Ru molar ratio, and reaction time. From each evaluated parameter, the best conditions were selected for further studies. No polymerizations were observed in the absence of these Ru complexes.
The effect of temperature, ranging from 70 to 110°C, on the Ru catalytic performance with a [St]/[EBiB]/[Ru] = 3000/ 2/1 M ratio showed gradual increase in monomer conversion with increasing temperature in all cases for 17 h (Fig. 2) . The maximum conversion of St was better than 70% at 110°C, reaching 90% with 3, whereas less than 20% was obtained at 70°C. This exemplifies how sensitive the process is to the temperature. In the experiments conducted as a function of monomer/ complex ratio (Fig. 5) (Fig. 6) . The semilogarithmic plots of ln([M] 0 / [M]) vs. time were linear, indicating that the radical concentrations are constant throughout the polymerizations. The molecular weights increased linearly with conversion and were close to the calculated ones (Fig. 7) . Dispersity indexes are typically ca. 1.5 and decrease with increasing monomer conversion. It is possible to infer that the activity and control level of St polymerization increase in the following order: 1 < 2 < 3.
Studies for ATRP of MMA Table 3 summarizes the results from the experiments at different temperatures and with different monomer/initiator/Ru ratios, changing the amounts of monomer or initiator. The conversions increased when increasing any of these parameters with any of the complexes, exhibiting the same trend of reactivity observed in the ATRP of St. A significant difference between these results and those obtained for St are the narrower PDI values; most of them were lower than 1.5. The molecular weights were in the same order of magnitude and were similar to the theoretical values, with efficient factor f ranging between 0.5 and 2 units.
Considerations on the reaction mechanism
The increased electron donacity of the ancillary ligands plays an important role in the activity of ATRP catalysts when decreasing the metal redox potential, facilitating halide abstraction from the dormant polymer chains. This would shift the equilibrium towards the growing polymer radicals and, therefore, increase the polymerization rate. The activity of an ATRP catalyst depends mainly on the redox potential of the M n+ /M (n + 1)+ couple and on the halidophilicity of the M (n + 1)+ complex. The redox potential seems to play a key role for Cubased catalysts, whereas halidophilicity appears to be more important for Ru-complexes; as for other metal catalysts, the two factors have an intermediate effect [5, 47] . In this context, the redox properties of complexes 1, 2, and 3 were measured using cyclic voltammetry techniques to understand their different activities as ATRP catalysts ( Fig. S3 ; Table 4 ). The small difference in Lewis basicity of the cyclic amine used in the starting complexes with an increase in the CH 2 units in the ring was not sufficient to provide a large change in the anodic potential of the Ru II -amine-based complexes. It was expected that the series of complexes studied exhibits the following order of oxidation behaviour: 1 > 2 > 3; this provides an indication of activity in ATRP catalysis. This trend cannot be evaluated from the anodic potentials. However, as expected, complexes 1, 2, and 3 presented lower anodic potentials than the previously reported precursor [RuCl 2 (PPh 3 ) 3 ] (E ox = 0.83 V vs. Ag/AgCl), and thus were expected to be faster ATRP catalysts [48, 49] . In fact, these complexes have lower redox potentials, but the redox reversibility was not obtained in content. [RuCl 2 (PPh 3 ) 3 ] reversibility was achieved in the presence of Al(OiPr) 3 , and the authors suggest that an interaction of Al(OiPr) 3 with the oxidized metal complex somehow stabilizes the complex in its high oxidation state [48, 49] . However, the electrochemical reversibility of complexes 1, 2, and 3 has not been successful achieved in the in the presence of Al additive.
Conversion of St and k obs increases as the number of methylene groups in the amine ring (1 < 2 < 3) increases, but the anodic potentials do not follow this order ( Table 4 ). The polymerization rate seems electrochemically illogical because the increase in the oxidation potential for 3, compared with that of 2, should disfavour the addition of the halogen atom and, consequently, would retard the polymerization. Therefore, it should be considered that steric factors could play a decisive role in polymerization rate, where interaction between the metal complex and the initiator or growing polymer radical depends on steric hindrances. The increase in steric hindrance with increasing CH 2 units in the ring should provide greater lability to the halide-complex, shifting the ATRP equilibrium further to the left-hand side, lowering the instantaneous radical concentration, and leading to fewer termination events. In others words, this controls the growing chains. St polymerization catalyzed by complex 3 with the bulkiest ligand was faster than those mediated by complexes 1 and 2 (Table 3) , even though the anodic potentials of these catalysts are similar. ATRP with 3 was also better controlled, as it can be estimated from the molecular weight data; the experimental molecular weights were closer to the theoretical values and the narrowest PDI values were also found. Although correlation between reactivity and redox potential can not be established at this point, the steric factor seems to play an essential role in ATRP activity, considering that compounds that feature a more hindered sixth coordination site show the highest reactivity and better control over the polymerization reaction. Hence, complex 3 showed the best catalytic performance, and its behaviour could not be accounted for just in terms of electrochemical properties.
ATRP reactions mediated by complexes 1, 2, or 3 were investigated by 31 P{ 1 H} NMR. The NMR spectra showed signals associated with the starting species in solution at room temperature. Two sharp signals at 62.7 and 45 ppm in the spectra suggest the presence of isomer complexes with square pyramidal (SQP) and trigonal bipyramid (TBP) type geometries (Scheme 1), respectively [39, 43, 44] . The spectra of the solutions in the presence of EBiB and St showed that the SQPgeometry species is completely consumed after 30 min of reaction at 85°C, confirming that this species is responsible for activating the ATRP reaction. The TBP-geometry species is only slowly consumed during polymerization. Perhaps, the TBP-geometry species changes to the SQP-geometry type to become active for ATRP.
Conclusion
Catalytic activities of the amine-Ru complexes 1, 2, and 3 were successfully investigated in the ATRP of St or MMA. The temperature, reaction time, and amounts of monomer and initiator enhanced the conversions, with polymerization control somewhat tuned by the type of amine ligand. Molecular weights increased with conversion and were not very discordant from the calculated ones. The PDI values decreased with increasing monomer conversion in all cases. The polymerization rate and control level increased in the following order: 1 < 2 < 3. It was established that the number of CH 2 units in the amine ring can be responsible for the catalytic behaviour. Comparison between the reactivity of complexes 1, 2, and 3 and the electrochemical data suggests that the efficiency of using these types of complexes seems to be induced by steric factors; however, electronic effects should also be considered. Furthermore, from studies with [RuCl 2 (PPh 3 ) 3 ] and other Ru complexes, the activities of the amine-Ru complexes 1, 2, and 3 were higher [19, 22, 26, 35, [49] [50] [51] [52] [53] , and this fact can be associated with the amines as ancillary ligands, which are not discoordinated over the reaction.
